We investigated short-term effects of ski-run development on the dynamics of small mammal populations at Vail Ski Area, Colorado. We compared a new ski run, an experimental ski run with added woody debris, a forest adjacent to a new ski run, and a control forest outside ski development by estimating density and survival of common small mammals using Pollock's robust design. In 4 summers (1998)(1999)(2000)(2001), 16,800 trap nights resulted in 1,276 captures of 668 individuals. Before ski-run development, Clethrionomys gapperi was most abundant in forested areas, but after, density was greatest in the forested site adjacent to a new ski run and next highest on the experimental ski run. C. gapperi survival was similar across sites and years. Peromyscus maniculatus and Tamias minimus densities were greatest on the ski run without woody debris and lowest on the forested control site. Estimated survival of T. minimus varied more by year than by site. Greatest densities of Phenacomys intermedius occurred on the 2 ski runs in years following development, and densities were low on forested sites. Peromyscus maniculatus and Phenacomys intermedius captures were insufficient to estimate survival. Our results suggest that C. gapperi, in the short term, will inhabit ski runs with tree islands and woody debris. Additional studies on impacts of ski-run development are needed to understand small mammal responses and to promote effective management strategies for maintaining populations of forest-dwelling animals.
Effects from development of ski runs in alpine and subalpine ecosystems include loss of topsoil with subsequent compaction and desiccation of soil layers (Meyer 1993; Ries 1996) , reduced abundance and diversity of soil fauna (Illich and Haslett 1994; Meyer 1993) , and slow or nonexistent recolonization of ski runs by native species of plants (Urbanska 1997) . These changes likely also influence wildlife, but these effects are not well understood (Alldredge 1988) .
There have been few previous studies of the impacts of ski-run development on mammals. Morrison et al. (1995) documented decreased use of ski areas by elk (Cervus elaphus) following development activities, and Broome (2001) and Mansergh and Scotts (1989) found that ski runs interrupted movements (thereby disrupting social organization and affecting survival rate) of mountain pygmy-possums (Burramys parvus) at ski areas in Australia. Other than a companion study examining the long-term effects of ski-run development (Hadley 2002) , we are aware of no studies on small mammals.
Ski runs have traditionally been created through clearcutting of trees and undergrowth; removal of stumps, boulders, and soil mounds; and grading and reshaping of topsoil and associated vegetation by bulldozing (Ries 1996) . Runs are then often reseeded with nonnative vegetation (Tsuyuzaki 1993 (Tsuyuzaki , 1994 . Mitigating measures described in the Environmental Impact Statement for the Category III expansion at Vail Ski Area, Colorado, in 1999 prevented the use of traditional ski-run development methods (United States Department of Agriculture-Forest Service, 1996, Final environmental impact statement-Vail Category III Ski Area development, Section 2.5.3, in litt.). Instead, islands of trees were left in runs to provide gladed skiing, and most herbaceous vegetation was retained. Helicopters removed logs, but some slash and woody debris remained. Small mammals are important components of forested ecosystems (Cazares et al. 1999; Golley et al. 1975; Ostfeld et al. 1997; Terwilliger and Pastor 1999; Williams et al. 2000) , and this expansion presented an opportunity to examine changes in small mammal communities immediately following creation of new ski runs and to investigate how different development practices affect the dynamics of small mammal populations.
Our objective was to determine short-term effects of ski runs created at Vail Ski Area, Colorado, in 1999 on small mammal populations. Based on the importance of woody debris to some small mammals (Clarkson and Mills 1994; Ramirez and Hornocker 1981; Tallmon and Mills 1994; Tevis 1956 ), we also investigated the effect of incorporating woody debris into the development of a new ski run and examined the effects of the following gradient of disturbance on dynamics of small mammal populations: control forest (no disturbance) , forest surrounded by new ski runs , ski run with woody debris , ski run without woody debris (greatest disturbance). Based on their association with mesic conditions and surface litter such as coarse woody debris of coniferous forests (Bondrup-Nielsen 1987; Bowman et al. 2000; Getz 1968; Gunderson 1959; Maser et al. 1978; Nordyke and Buskirk 1991) , we predicted that, prior to ski-run development, red-backed voles (Clethrionomys gapperi) would be the dominant species of small mammal in forested areas. After ski-run development, we predicted that abundance and survival of red-backed voles would decline in areas of development and eventually show the following relationship: control forest . forest surrounded by new ski runs . ski run with woody debris . ski run without woody debris. Based on a preference for open areas and disturbed habitats (Armstrong 1977; Carey et al. 1999; Carey and Wilson 2001; Fitzgerald et al. 1994; Moses and Boutin 2001; Williams 1955) , we predicted that abundance and survival of deer mice (Peromyscus maniculatus) would have the opposite relationship, showing the largest increase on the ski run without woody debris, and a smaller increase on the run with woody debris. Similarly, we predicted that least chipmunks (Tamias minimus) would occur on open ski runs but not in forested patches due to their avoidance of moist, closed-canopy coniferous forests (Telleen 1978; Vaughan 1974) .
MATERIALS AND METHODS
Study area and sampling design.-The study was conducted in the Category III expansion area of Vail Ski Area (approximately 398369N and 1068209W) in Eagle County, Colorado, about 160 km west of Denver. The closest peak, Belle's Camp, is at 3,499 m elevation. Study sites were on generally north-facing slopes at approximately 3,000 m elevation. The ski area is located on the White River National Forest and is developed primarily for winter recreation and skiing but is also used heavily in summer months by hikers and mountain bikers. Approximately 4,858 ha of the National Forest are allotted to Vail for development, and the resort currently maintains more than 2,024 ha (40%) of skiable terrain. An expansion in Category III, now called Blue Sky Basin, in 1999-2000 added 405 skiable hectares (U.S. Department of Agriculture-Forest Service. 1996. Final environmental impact statement-Vail Category III ski area development, Section 2.5.3, in litt.). The forests are approximately 250-300 years old and predominantly lodgepole pine (Pinus contorta), subalpine fir (Abies lasiocarpa), and Engelmann spruce (Picea engelmanni). Meadow vegetation dominates the ski runs, including various grasses, yarrow (Achille millefolium), lupine (Lupinus argenteus), paintbrush (Castilleja), and common dandelion (Taraxacum officinale).
We trapped 4 sites in each year of the study, except 1998. Trapping in the Category III expansion area varied according to access and the timing of construction of new ski runs. In 1998, we trapped 3 sites prior to the expansion: 2 were in forested areas away from the proposed development and were used as controls, and 1 was on a forested slope designated to be cut for a ski run in 1999. Following development in 1999, we trapped the new ski run, 1 control site from 1998 (we report the results of this site, which was trapped in all years), and 2 new trapping sites in the expansion area: a ski run to which an experimental treatment was applied (referred to as experimental run) and the directly adjacent forested area (referred to as forested site). These 4 sites were also trapped in 2000 and 2001. The new ski run and experimental run were separated by a distance of approximately 400 m. The control was approximately 1,200 m from the new ski run and farther from the experimental run and forested site. Both ski runs were approximately 400-500 m long and in the area of trapping approximately 90-135 m wide. Scattered tree islands were retained in new ski runs, and these were encompassed by our trapping efforts.
In establishing the experimental run, our intent was to mimic the distance between live and dead woody material in the surrounding forest. We established a ;300-m line transect from top to bottom of the slope in forest surrounding the experimental run and measured the distance between all living or dead woody material that intersected this transect. We then used average density and spacing of woody material of this transect to space logs in the experimental treatment. According to our directions, timber crews removed limbs cut from downed trees on the run using chainsaws and placed them in rows spanning the width of the run using large log-moving machinery. Rows consisted of 1 to several logs laid end to end, and spacing between rows varied from 3 to 9 m. Slash and limbs from the logs were also left on the run.
From 1998 to 2001, we began trapping in early to mid-July after most snow had melted. We trapped each site for 3 primary sampling periods separated by at least 2 weeks between July and midSeptember. Following Pollock's robust design (Pollock et al. 1990 ), each primary sampling period consisted of 8 secondary sampling periods (traps were checked twice a day for 4 consecutive days). To accommodate ski-run construction by Vail in 1999, only 2 primary sampling periods were trapped in August and September on the new ski run and only 1 primary sampling period in September on the experimental run.
All grids in 1998 had a 10 Â 10 configuration (135 m on a side) with 15-m trap spacing (approximately 1.8 ha). In subsequent years, 100 traps were maintained but trap arrangement within ski runs conformed to the shape of new runs. These grid dimensions (ski-run length Â top width Â bottom width) were as follows: ski run (135 Â 150 Â 120 m), experimental run (150 Â 105 Â 150 m), and forested site (195 Â 105 Â 30 m). Grids were generally trapped in pairs, 1 pair per primary occasion, baited at night and checked twice in the morning (at approximately 0630 and 1030 h) for the following 4 days. Traps were provided with polyester bedding for warmth, baited with a mixture of rolled oats and peanut butter, and, if exposed to direct sunlight, covered with cedar shingles.
We identified, determined sex of, and weighed all animals to the nearest 0.5 g. We marked small mammals with 2 numbered ear tags (size 1005-1, National Band and Tag Co., Newport, Kentucky) on 1st capture. Shrews (Sorex) were not marked. Small mammals were released, and traps were rebaited and reset after the 1st morning session and closed for the day after the late morning session. Animal handling protocol was approved by Colorado State University's Animal Care and Use Committee and followed the American Society of Mammalogists guidelines (http://www.mammalogy.org/committees/ index.asp).
We sampled habitat on all 4 sites in 2000 to obtain information about site covariates that might influence small mammal abundance and survival. We estimated percentage canopy cover and percentage ground cover with point-transect methods using a densitometer (Geographic Resource Solutions, Arcata, California). Using the densitometer, we assigned 1 of 4 ground cover categories (rock or bare soil; herbaceous cover; debris including pine needles, twigs, and cones; or downed wood such as logs, branches, and stumps) for each trap location on the grid. In 2001, ground cover composition was estimated again for the new ski run and experimental run as they were most likely to change over the course of a year. The control and forested site were presumed to remain stable in terms of canopy and ground cover percentages. Winter snowfall data were obtained from Vail Associates, Inc.
Estimation of abundance and survival, and model selection procedures.-We used Pollock's robust design (Pollock et al. 1990) to estimate abundance and survival. Capture-recapture data from the secondary sampling periods, i.e., within each primary sampling period, are used to estimate abundance using closed population models (Otis et al. 1978) , and capture-recapture data between primary periods are used to estimate survival (Ŝ ) using Cormack-Jolly-Seber open population models (Cormack 1964; Jolly 1965; Seber 1965) .
For the density and survival analyses, if an animal was caught at least once in a given day, it was considered 1 capture for that particular occasion. This increased the estimated capture probability and resulted in a maximum of 48 trapping occasions per site over 4 years. Animals with no tags and both ears torn (indicative of lost tags) were occasionally captured (6.5% of captures). Because these were obvious recaptures, we assigned the tag number of the most likely candidate based on species, sex, weight, and distance to the individual in question from others that had been previously tagged but never recaptured.
We used the software program CAPTURE (Otis et al. 1978; White et al. 1982) to estimate abundance. Four species (red-backed voles, deer mice, least chipmunks, and heather voles-Phenacomys intermedius) had a sufficient number of captures for population estimation during some periods. Density was estimated by dividing abundance estimates by effective trapped area as adjusted using mean maximum distance moved (Wilson and Anderson 1985) . In a few cases, sample sizes were too small to estimate mean maximum distance moved and thus effective trapped area; in these cases the naive density estimate was calculated by dividing the number of unique individuals captured by the trapped area. Average daily capture probabilities for red-backed voles, deer mice, least chipmunks, and heather voles were 0.31 (SE ¼ 0.03), 0.34 (0.04), 0.35 (0.03), and 0.21 (0.02), respectively; hence we feel that most animals on a grid were captured at least once over the 4 nights of a primary trapping period. Naive density estimates are provided for broad scale comparisons only because variances cannot be estimated.
Survival was estimated separately for red-backed voles and least chipmunks using the software program MARK (White and Burnham 1999) by modeling survival as a function of treatment type (or site), time, and the covariates (habitat and weather); only these 2 species had sufficient number of recaptures to model survival. Extremely low overwinter recapture rates did not allow for estimation of betweenyear survival rates. Survival was estimated as a 4-week rate by scaling the time intervals between primary trapping occasions in MARK.
We developed a priori models of survival based on our predictions for these 2 species. In the most general models, survival varied by site (new ski run, control, experimental run, forested site) or type of site (ski run or forested) and year. We also investigated whether variation in survival could be explained by substituting habitat and precipitation data for site and year effects. Percentage canopy and ground cover were entered as group covariates in MARK to determine whether these values were more explanatory of variation in survival between sites than simply a site effect. Abiotic factors are known to play a role in small mammal population dynamics and habitat use Vessey 1998a, 1998b; Vickery and Rivest 1992) . We modeled snowfall averages for winters from 1997-1998 to 2000-2001 to determine whether variation in survival was related to the preceding winter's precipitation (Dickman et al. 1999; Lima and Jaksic 1998) .
The Cormack-Jolly-Seber approach in MARK also models and estimates capture (p p), recapture (ĉ c), immigration (c9), and emigration (c0) rates as a function of the same variables (i.e., site, time, and other covariates). We examined a suite of models that ranged from the most parameterized (global) model that allowed all parameters to vary by site and year to the simplest model that held all parameters constant. All models constrained emigration and immigration rates to be equal, as well as capture and recapture rates. This is not necessarily realistic because of the potential for animals to have lower or higher recapture rates after 1st capture (Otis et al. 1978) , but sample sizes were too small to support the number of parameters necessary to model different rates for these parameters. Substitutions of habitat and precipitation variables for site and year, as discussed above, only occurred for the survival parameter, Ŝ .
From the models examined, the best models were objectively selected using Akaike's information criteria (AIC-Akaike 1973) corrected for small sample bias (AIC c - Hurvich and Tsai 1989) . This approach also allows models to be ranked from best to worst (Burnham and Anderson 1998) . AIC c values can be rescaled as differences that allow easy comparison of models. ÁAIC c is defined as the difference in AIC c value between the model in question and the model with the minimum AIC c value. Models with ÁAIC c values ,2 are considered to have substantial support in the data. ÁAIC c values of 4-7 indicate weak support for a model, and values .10 show essentially no support in the data for a model (Burnham and Anderson 1998) . Since more than 1 model was supported by the data, a weighted average for survival was obtained by model averaging (Burnham and Anderson 1998) . This allowed us to incorporate model selection uncertainty and obtain unconditional estimates of precision (White and Burnham 1999) . For the chipmunk analysis, models with poorly estimated survival parameters and models with AIC c weight , 0.001 (indicating little support for the model) were removed from the set of models being averaged.
RESULTS
We captured 668 individuals 1,276 times in 16,800 trap nights from July 1998 to September 2001 (Table 1) . Twentyfour secondary trapping occasions per year occurred at the new ski run and control from 1998 to 2001, at the forested site from 1999 to 2001, and at the experimental run from 2000 to 2001. In 1999, trapping on the ski runs was limited by Vail's expansion operations to 2 primary periods (16 secondary occasions) and 1 primary period (8 secondary occasions), respectively. Nine species of small mammals (8 on ski runs and 6 on forested sites) were captured: red-backed voles, deer mice, least chipmunks, heather voles (Phenacomys intermedius), montane voles (Microtus montanus), golden-mantled ground squirrels (Spermophilus lateralis), western jumping mice (Zapus princeps), masked shrews (Sorex cinereus), and montane shrews (S. monticolus).
After ski-run development occurred, the control had the highest percentage canopy cover (82%), followed by the forested site (75%), the new ski run (41%), and experimental run (39%); measurements on both ski runs included the tree islands that remained within the ski runs. Ground cover at the new ski run was primarily herbaceous vegetation (48%) with 31% debris, 17% rock or bare soil, and 5%; downed wood. The control had 63% herbaceous ground cover, 31% debris, 1% rock or bare soil, and 5% downed wood. The ground cover at the experimental run was primarily herbaceous (40%), with 26% debris, 14% rock or bare soil, and 21% downed wood due to the addition of logs and woody debris. At the forested site, ground cover was 56% herbaceous growth, 32% debris, 10% rock or bare soil, and 2% downed wood. Snowfall totals for the winters of 1997-1998 to 2000-2001 were 955 cm, 771 cm, 941 cm, and 919 cm.
Density.-In 1998, prior to ski run development, densities of red-backed voles were greater in the forests of the new ski-run site than the control (Table 2) . Densities of red-backed voles were more similar among sites in 1999, with the greatest density on the new ski run about 2 months after ski-run development. In general, the pattern of red-backed vole density across sites in 2000-2001 was forested site . experimental run . control . new ski run.
Deer mice were found in greatest densities on the new ski run following ski-run development (1999) (2000) (2001) and in general were lowest in the control. The general pattern of density across all 4 sites was new ski run (2000) (2001) . new ski run (1998) (1999) , experimental run, forested site . control. All density estimates for deer mice in the forested site are naive estimates because individuals were never recaptured within primary occasions, whereas averages for other sites included only 1 or 2 naive density estimates.
Density of chipmunks was greatest on the new ski run and tended to increase on the ski runs following ski-run development ( Table 2 ). The pattern in density across sites was new ski run (1999) (2000) (2001) . experimental run . new ski run (1998), forested site . control. No individuals were captured in the control (Table 1) .
The greatest densities in heather voles occurred on the new ski runs in the years following ski-run development (Table 2) . Densities in the forested site were generally low and in the control only 1 individual was captured, in 1999. The general pattern in densities across sites was new ski run (2000) (2001) , experimental run (2000) (2001) . new ski run (1998) (1999) , experimental run (1999), forested site . control.
Survival.-Survival of red-backed voles was constant across sites and years in the top-ranked model withp p andĉ c varying by site and by year. The next 4 models had substantial support with ÁAIC c , 2 and similar AIC c weights of 0.13-0.17 (Appendix I). Differences in these 4 models were due to percentage canopy cover, percentage downed wood, site type Weighted estimates of survival averaged over the 4 years of the study, obtained from the model-averaging procedure, ranged from 0.27 to 0.37 and were similar across sites and years (Table 3) .
For chipmunks, the top model had only year effects on survival (Appendix I). Estimated survival in 2001 was nearly twice as large at all sites (Table 3) . Year effects were included in each of the top 10 models, which together constituted almost 80% of the AIC c weight. The 2nd ranked model also had substantial support (ÁAIC c ¼ 1.47), with variation in survival explained by site and year effects, and 5 of the top 10 models included site effects. Annual variability in survival tended to be greater than site variability (Table 3) .
DISCUSSION
Our study is one of the first directed at understanding changes in dynamics of small mammal populations immediately following ski-run development. Nevertheless, inference from our study is limited due to the lack of replication of ''treatments.'' Red-backed voles had the 2nd lowest density on the control forest, where we had predicted densities would be greatest. We predicted that red-backed vole populations at the control would be initially similar to forested sites in the expansion area but remain higher than disturbed sites following ski-run development. This was because it was a forested area-similar in habitat, aspect, and slope to other sites-but far enough away to not be affected by ski-run development and skiing activities. Although the control was only about 1.5 km from other sites, abundances were consistently lower than in forested areas of the development area, and the small mammal community at the control may inherently differ from that of the development area. 
The experimental ski run had slightly smaller, but similar, densities of red-backed voles compared to the adjacent forested site, which had the greatest densities of all sites. The additional cover and woody debris provided on the experimental run possibly allowed red-backed voles to occupy the ski run (Hayes and Cross 1987; Nordyke and Buskirk 1991) . We captured redbacked voles throughout the experimental run, but in a companion study of approximately 30-year-old ski runs (Hadley 2002) they were only captured in the forested edges. This suggests that voles not only can persist in, but also can travel across, ski runs when woody debris is present. After tree harvest, Moses and Boutin (2001) determined that red-backed voles had similar abundance on uncut and ''moderate residual'' grids (retention of 10% basal area standing live trees and woody debris), similar to the experimental run, but were virtually absent from the lowresidual (clearcut with woody debris) and zero-residual (clearcut with no woody debris) grids. In contrast, red-backed voles, after the new ski run was developed, were captured only in forested edges or in tree islands, and, except for immediately after ski-run development in 1999, densities declined. Martell (1983) also found that red-backed voles generally disappeared within 2 summers after clearcutting.
Survival rates of red-backed voles were generally similar among sites with slightly higher rates after development of ski runs and experimental run. Red-backed voles were only captured in ski run edges and tree islands of the new ski run after development, and survival here pertains to these habitats. In a study of long-term effects of ski runs, Hadley (2002) also found that survival of red-backed voles was highest in the edge zone between ski run and forest. On the experimental run, the log rows may have acted as refugia (Hansson 1998 ) and as movement corridors (Broome 2001; Mansergh and Scotts 1989) by providing shelter across the ski run and facilitating forays into open areas.
As predicted, deer mouse densities were greatest after development of the new ski run and lowest on the control. Deer mice are known generalists, and their affinity for disturbed habitat (Armstrong 1977; Fitzgerald et al. 1994; Williams 1955) Tables 1 and 2.   1998  1999 their higher abundance on ski runs. Greater densities of deer mice on ski runs were also found in a companion study of 30-year-old ski runs (Hadley 2002) . Of the 2 ski runs, the experimental run had the lower density of deer mice, and the presence of woody debris and competition with red-backed voles may have reduced its use. Deer mice prefer more xeric habitat with less herbaceous cover (Campbell and Clark 1980; Hayward and Hayward 1995; Miller and Getz 1977) , and the presence of woody debris possibly allowed soil to retain more moisture and grow more herbaceous cover relative to open sites with no debris. The forested site was adjacent to the experimental run, which probably contributed to higher deer mouse densities in this forested area compared to the control forest where only 1 deer mouse was captured. The density pattern of chipmunks was similar to that of deer mice, supporting our prediction of greater chipmunk densities on ski runs. Chipmunks tolerate disturbed habitats (Bergstrom and Hoffmann 1991) and show a preference for meadow habitat with nearby escape cover (Fitzgerald et al. 1994; Telleen 1978) . Chipmunk densities were also greater on 30-year-old ski runs (Hadley 2002) . Chipmunks occurred on the experimental run but at lower densities than on the new ski run, where they were eventually the most abundant species captured. Increased competition from other species of small mammals colonizing the experimental run may have contributed to their lower density compared to the new ski run (Morris 1996) . Forested sites had lower densities with no chipmunks captured on the control. The proximity of the experimental run probably contributed to the captures on this forested site.
Survival rates of chipmunks varied more by year than by site, and, contrary to our prediction, the few chipmunks captured on the forested site, adjacent to a ski run, had survival rates similar to those captured on the 2 ski runs. The few captures and low densities of chipmunks in forested sites suggest that forested areas are not preferred. One of the few habitats that least chipmunks avoid is closed, lodgepole pine forest (Telleen 1978) , similar to the control where no captures occurred.
Ski runs created in the traditional manner result in a high degree of habitat fragmentation, but the majority of ski runs in Blue Sky Basin are less fragmented due to narrower runs and tree islands. Sullivan and Sullivan (2001) found that redbacked vole abundance was positively related to the density of residual trees after harvest, and the persistence of red-backed voles in tree islands of the new ski runs may translate into a less severe impact. Developing resorts with primarily narrower, gladed ski runs may be an approach for managers to decrease impacts on wildlife, but further research is needed.
How changes in the small mammal community impact food web dynamics is another area that needs further research. For example, several forest carnivores that depend on red-backed voles for prey, e.g., boreal owls (Aegolius funereus- Hayward et al. 1993; Hayward and Verner 1994) and American marten (Martes americana- Ruggiero et al. 1994) , may respond negatively to ski-run development. In contrast, chipmunks, which increased on the ski runs, are important prey for northern goshawks (Accipiter gentilis-Squires 2000).
Managing for woody debris may be a relatively easy method for ski areas to maintain existing small mammal communities. Alternatives to woody debris such as synthetic materials like PVC may be viable substitutes. These materials may provide necessary cover and connectivity between forest patches, but other attributes of woody debris, e.g., habitat for insects and fungi that small mammals need, may be irreplaceable.
Densities of red-backed voles did not appear to differ as much between new ski runs and adjacent forests as between 30-year-old ski runs and adjacent forests (Hadley 2002) , and time since development may be an important factor. Additional investigations that include spatial and temporal replication are needed to better understand impacts of ski-run development and to promote effective management strategies for maintaining populations of forest-dwelling animals in new and old ski runs.
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